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1. Thoorotical Pars
1. Cn tho frictional resisionce of gtrelning air

Tho frictionel resistance of cirezming eir, witeh QAways attracts
cttent. on whon adr stroazs over a coli surface, is, owing to tho inner
zobility of the air, fronm another roint of vicw liko the "dry friction®
of two solid bodies sliding over cach othere Tho air layer vhich im-
radiately borders the bedy adhercs closely to the body and the actuzl
frictionel procoss therefore takes place cntirely within the strcaming
alr., PRoth the moleculer motion and the turtulent uixing mothion whieh
oxlats throughout the streaming air, wnder certain ecrditions which froe
quently occur, cause a velocity interchange (austznsch) between tho ad-
Jucent layers and thereby an ircressing retardation also of the cutor
! layers {rom tho adhering soction. In the presence of this austansch the

: portion which is more rapidly approaching fraa the outside is arrested

by mixing in tho irner rortions, and that which is cpproaching woro

Slowly from the inside is driven on by that couing f£roz tho outside.

This slgnifies, if ono summarizes the dynamic effcct of those moticns by

average values, & system of frictional tensicns in the streaming air

masses which is aiso imported to the body in the stream , and in its -
(:) total effect asserts itsolf as frictional resistanco.

Tho regularity of the frictional recistance of air streazing ovup
a surface can be rolated with the case for stremsing in 3 lonz stralsht
tube. liere the frictional tension on the wall (shearing strosg o P
in the fluld in the immediato vivinity of tho wall) is correlated with
the pressure gradient in a simple menner. It 15 (equilibrium of 2 ¢yl
inder of radius r and length 1 » .
A A=A
ImEL T B Lo 7T T e
Through this relation the shearing stross 7-is oxrorirentally =ccessible
according to the study of H. Blasius 1); for turbulent strecaming one
obtains, with u, ¢ velocity in tho center for Roynold's numbers &4
from 1200 to about 50000, the appro§%mage formula ~
- ~ Ptz‘ 23 Y .
7e8P Cu,) “ ,

in which § 15 a number aprroximately of the mignitude 0.045.2). For
%arger Reynold's nuzbers one would cbtain smaller cxponenis instead of

s 3)e

The frictional stross appsars hore dependent c! t13 tubo radius and
on the velocity in the center (which rrobably can be derived by approrriate
transforzation of the average velocity which was found in the tube studies).

Onoe may suprose that neither the tuts radius or the veloelty in the center
has an inwvard rolation to the wull fricticn, houover they aprcar here only
formlly, whilo in roality only the flow relaticns in tho vicinity of the
wall are of importance to the wall friction. On the other hand it can also
be oxzected thca that the veloeity profile in the roglon of the wall is
alono dotorained by the law of friction.
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This traln of thought has proved very rreduckive. In order to ex;rocc

- N

it in a formda ono will look for the valucs ihleh ctill remiin when ncither
u, or r shall appear in the foruula. lNext lob a velocity C be doefined math-
enstically from the shearing otress &~ in which one places Ty A
>3

Thon a kind of Roynold's number can be foricd right hore from the kinematic
viscosity s, the wall interval v, and thoe wlovity u. AT S

R e
(One could also form Cy; howaver formula 3)has proved to be sultable)
One can now fit the thoughts given above into formulas in hhich the forrula

Zn SyEF) %)

is coubined with equations 2)and 3. The varliocus veloclity distributions can
be separated according to h) omly by the vaelceliy factor C: ’.,2)‘.¢.nd by the
measure y which w2z, correszonding to overy U, changed zs a ‘coaseguence of
3> The form of t.he ’unction @ is new oviained, if cne assurmes that equatioen
4)is appliczble to the center of Lho u“de, by ia..rmuct:.on of tinc values of
and u, which are obiained- frow 2)and bjfor [ r %= One next pats down
for l)tha generzl form 73

| s ., CR(AEY s
8o that due to 2)and 4)

'f‘s:‘. 1}? &2y T ,r-g;-‘;)

B

/F /:c
and consoquently in general
- l._, “
FL) SR & /2
Frou thla relation we obtain u from 4while from 3)we obtain # *1(%*. The
relaticnship of w and ¥ thus appears next i purazetric fora. For the special
fora of ‘equation 1)

FB - JF; ek (3 * .;;=,:* ¥

thus

Therefore 2',_ ( ;5; )3;
o s
or alter aolv:.ng wlth resyect to u: 27" ’7/.1(. /
”’ : 5".' L
J Thus wg obtain u propcrt-ona.l to the 7th root of y (Sec

Fig. 1 vhich illustrates this relation), In the centor
of the tube itself this law docs not indeed hold truo
exactly, compared to our illustration the numerical

~> factor of equation 6)still varies only a little tarough
) this doviation. In the case of Reynold's numbers

¢ under 50000 tho proportionality with the 7th roct of the
wall interval throughout the study will be sufficlently
good. In the case of highor Reynold's nuzbors, in which
the nlaaiuc law is no longer exactly true, ths velocity distributions also

vary somewhat and indeed in the sense that instead of the 7th root of y thoro
appears the 8th or 9th root.
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Tho preceding relutions fer the tube flow can now a.go be employed
for {low ulong o platc. In this czse cne must plo.cc the thicknois § of

the seetion influencnd by frictivn ab the posiiion of ihe tube radius.

Tals ecction for the mosl part Is pelatively thing it inercases siowly
along the stream. For the frictional resistz. :2¢ one now has two
;ossibll¢uios of oxprecsion: one the one hand it Ls the combincd eifect
of all frictional stresses on the surface of the bedy, on thic other hand
it produces a roturdation of the fluild mass which is —ffecicd by friction
and can vo calculaved from ftus less of impulsion. For unifornaity in the
broad sense the loss of impulsion can be obtained if ', ”;fdlaiOu the
velocity of tno unalstortcd flow, and u sigaifiss tha velecity ia ithe
interval y from the wall.

J=P 7’:(2‘1—‘36)6(/;(

(fudy = the muss Liowing throvh in Lhe unll of tirzs beiweon y and y+ dy,
U, - u=velocliy var:.ut.iqn) I.t‘ 0ac accapus, accsording to what wzs developed
oarlier, that #-= /dr)’ reprasents a good a:;*romtion, then one oktains a

short eguation > s
v 55 faS 2]

The calculation of resistance frem the shear stress is made most convenlent

if one next ascertaine the increcsze ia resistance 4 zboub the frisztion
rrovoxing surface around dl. For uniformity in the brozd sense we agzain

have Hdre < o’f

or, it Blasius' Law D is used

A7z fﬂ.._ \‘,J>a’-" 5)
On the othrer hand, according t.o cquation 7) since J<W

/74; dJJf ?)

* Sl
thus 7‘/{ o A
o9 . j'& 2/ ‘/y
S T 7
..’./.;{., 3"’/’(..*)4
or -
S ( 2 ) ),{ 7°)
and thorofore equation 7)yields v &
Py N*f) s g )
e
Iy = 2072" .u. o 2 ”)

Thereby we obtain the coofrlcient of fzzicti or.al reci tunca c; » if in addition
the Reynold's number of the surfaeg with lengih 1, 2= -4 s intrcduced,

S 5 Aoy ~)

This iaw is gurprieslngly woll fulfilled by tho exzerimental results. 1t
caa only then naturally coccur whea the cenditicn of dz.,taro:.nrc apgears in tho
Lmedlato vicindty of the unterior edgze. In tho studies of Wileselsberger, in
tho lst nuskor, p. 121126, we were inforscd 4hat this was the case. ‘The ex-
perirmental ,.ci'xts for tho surlaces which arc covercd with six layers of zpone
ning substunce (plate numbers 151-154 of the first issus) wero woll ro,.roo.uc\.d
in tho caso of tho lower and nlddle Roynold's numbers by cquation 123 in the




CASE of th. iighcs. Doyuold's awleo
of a kind like those which apniur ov, Liitc Diisius! baw in tiw Cooo oo tuiolar
resistarce. The awsordcal value, G,u7Z in couztion 12), which is oLiained foenm
a not coxmpletoly preclso evaluation, will thus be able to lead to sii-nt
gcvizzions. The above Wiesolsberger studies are best dezonsirated byftho

orw =

G = domy * s3en)

) YA Y i vey v e ery maereeas T e R R R e
I‘-, ib‘ ' _»..-.L.,uﬂ, vilCsUe TUlUL C’.-.“.'.‘.C- AN

In tho stwiles of Cobers (Footnote 1) and cimiler studleos in whish woll
sharjaned plates wero drapged turougn water, ono still hos no turbulcnce in the
reglon next to tha leading edge, but iastead tho flow here is lzuinar wnd Lhs
resistance much smalles than accordin: to 12). Tao theory (Footnote 2), in iho
event that the flow alonz the wholo plate is lominar, provides the Jformauln

(} = 432723 2 73) .
The latter is valid up to a eritical value R! of R ="Z (Fesinoie Z-Froa here oa
out, > which i3 a more usual term in rosistance problems, will Yo used inctead of
the velucityz,) which in the case of Gover's studies liss ot about 500,000,

For larger R lauwinar flow exlists at tho leading cdze up to L'= 500,000

> 20wy frem
there on turbulent exists. (ne assures that the friction v

in the turbulent portion is distributed according to the samz law which we have
derived at tho outsot; thus the deviation froa tho lominer basic reculis, in
this soction, in & leseining of resistance ia the length 1!, which corrasrponds
to a lowering of ¢, from the value of foruula 12a), to that of fommula 133
assuning boht values for i3 R'., 1In tho valus ¢, for the cntire yplato, tiis
lesecning of rosistance has a fracticnal ratio X'/L, for waich R'/R can also be
written. Thus for R> R', (¢ - cg JR'/R is to bs subtracted from the ¢, valuo
according to oquation 12a) which, withk c. - cg = 0,0035 and R' = [,85000, gives
the amount 1700/R. Therefore, for turbulent frictional flow with laminar onsct,
one obtains the formula:

4 /76 o

G« 7% - T
(Pootnote 4 = The verification of the section points of tho ¢, curves after
equaticus 13} and 14) gives the exact values R' = 437000, c, = 0.00539,
0,; 3 0.00190, and CI’ - c;‘_'- 0-31b9)o

Instcad of the value 17000, another numericcl wveclue can appear in a
different case with smaller or larger criticzl Heynold's numbers (For examples
when occasioned vy larger or smaller initial furbulence).

Formula li) agroes vury very satisfictorily with the Geobors values co
that the latter also rrovides a confirmction of the basic ccaception brought -
forward hore. In Fig. 2 tho three laws 12:), 13), cnd i4) crc reproduced by
the lines I, 11, and 1II; thus the avove mentioned moasurcrcnts of Wiccelsborgos
in air on surfaces of substances covered with 6 layers, thoso of Cetors on
glass piates drawn through vater, and woreover z study cesics rzde by Blasiua
with brass strips draggod through water, arc the ones vhich cover the smiallor
Re;mold's nusbors., In their case & deduction of 0,0006 for cach individual
cs value is made for the form of resistance, which improves the agreement and
also is really justified.

The preceding considerations stem from tho actumn of 1920. In tha firct
188 us (Vo). 1), it was only jocsibie to add a short corroction since tho teib
in considcration was already printed. In tnis correction, our formula Lh>.13
included with 2 slightly different numerical factor. All the questions wiich
are depondent on the law of the 7th root have bcen tuken up also by Pfof: voi
Xarman, Aachen. He had corrocted this in the Zcitachrift fur Angew. Hath. und
Veeh., Vol 1 (1921): S 233 £. A valuable experiiontal contribution to the




question of Irictiwnal resistance of air fiuw nmzainwhile Qrpecarcd in 4h
disservavlon of Ven dor Hegze Zijnen wiiieh was roduced in the Durser!
Lzboratory in Dz1ft (Tacsis, Dolft 1925), zoe 2lco Jo i Burzers, Froc
of the 1lst Ianternational Congress for Aspilced iicchanics, Dellt, 1924,

p 113 £. Aidditional literaturc is given thers on p 128. .

4
v
<
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Figure 2

The relaticnshigs dericted hore are bascd zrimarily on smooth plates
also perudt conclusions on tne frictional resistanco oa airglans winzs.
The latter will in goneral always be somewnad larser than the resistance on
siooth plates since the velocity in the czse of airplane wings is unequally
distributed, is greater at the place of larser velocity, and is not o2l-
anced by the lesser resistance at the placs of sialler velocity. licver—
theless, a comparison is in order. It is proroscd that the nora:l wing
measuraaent (30m/sec volocity and 20cm wing deptn) zive a Reynold's
nunber of about 420000 which is a value for wnich the sharpened platcs
vields circctly a much smaller resistence. It is thus to be expect.d thst
wing re.suremzents, in the cese of an approximately three to four fold
highor index valuc as are described for example cn p 54 = p 62 of the
first issue, are really roliable in relation to the frictional resictznce.
lew studies on the profile resistance of the wings, depending on the indox’
value, are fourd in this issue undcr number IIT, 7.

Cver rough surfaces, the following observations could suffices tho
doccleration of flow is hore stronger because the Iricticnal resistance
is higher throughout thun with even surfaces. To be sure, slizhtly rough
curfaces could, especially in the case of small Reynold!'s numbers, exhibit
Just as technically cmooth 2 flow if the roughnecs remeins cornpletely ciue-
badded in the laminar flowlng layers. With higher Reynold's numbers, vhere
this laycr is thirner, such roughness could becorme noticesble duc to the
increased rosistances. Tho coefficlent of resistance of very rough suriaces
is in goneral completoly indopendent of the Reymold's nunber; ses Issue 1,
Fig. 75, p 123 (Curface matbrial with filament peoled off). We arc dealing
with a smooth kind of body resistance; in contrast the coefficient of rec-
sistance is dependent on the ratio of size of curve (surface inperfociion)
to tho object chord (size), such as also is obtained frou tho studies on
channels with rough walls (See Hopf and Fromm, Zeitschrift fur angow.
¥ath. und liech., 3 (1923):329 and 339). It would also be possible to draw
conclusions fron the chainel studioc on the frictional resistance on plates,

yot a romark on this matter ma2y bs ositted hore until the laws for resist-
ance of rough rlates are bettor studicd. :

2. On eddy turbulence and its greventicon.

Eddies which are formod by circulation behind the bodies are of greate
est irrortance for the occugﬁnco of resistance which results frou: the press-
ure differences. Tho orizin of such turbulence is closely corrciated with
the fluid layer which is retarded by friction which surrounds the non
flowing body like a garment. This fricticnal section is subjected to. the
same accelerating and rotarding pressure differcnces which affcct the une
disturbed flow outcide. If tho outer flow uccelerates due to u pressure
drop in its diroction of rmotiun, then the recturded sscti-ns near the wall
undergo an impulse in tho dirceticn in waich they are already moving; tiws
the flow will continue iis path along tho surfacc of tho bedy. IL, on the
other hand, a pressure drop 2z2inst the direcction of flow ware to arh@sc,
thon the frco flow would be retorded by it. Tiae soctionsnext to the wall




moreover havo & snuller velositsr; ndcod Cul o Lo folabion Joow
flow they «ro dru“Q‘d forvard, checizad heu:var b the o
drop. If this oo "ufixc*01ul Sirong then since tholr kias

aufxicicatly atsorbed a ruVOYSJl ensues wd thoy now e

flow which is dorarting outside (Zce Fic. 3).
alwvays experiences the sumo fate, accumuliticns of £hu Jiuld crise .nd e

nixod by the frictiin in rotat fon; thnso OLLlej fova s cdfles LurouTheds
the vholo stream in a WY that tiae }'-f-u-nn

L Aot e de
as "1(,.1 yorobapedog ot

o

Leceure clep weleh dnduced ths Jewnntlon
of tha oddy disarzpears or at least t:coies varJ clizhble L% i nosily in
this manner that the fluld stroza 18 lost from the cuslucs of Lie Loy and

& more or less "decadspace" is left behind tiwe bcij. Tho wotlon rictuir:

stills of Fig., 6 show tho origin of the dotichucnt froa a circular ¢ylindor.

The fricticnal proces:ecs play o soucihint ¢iff¢*u4t
a transversely acceleratod flow, as Yor conuple vhab v
ed tubcs, Hore a prossuro drop acrozs th: dir.cuion of flgw ri..s { Jor
tho subjection of the "centrifuszal force"), %“hz doviabienl of Lhu Zouivide
ual fluid porticns in this kind of & prussurc drop howaver

i PSR S B ad
»ale in Viir coso of
LEA TIOUNS An ourve
o
1 o

Lo Lisiovinl Cu=
yeading on thedr velocity; ths rotarced Lriclicsn ceeblen Is thoooloss Lowve
strongly rotarded than the principal fiow next to i, 1t fleouws w.cr.dure

along tho walls toward tho innor side of the curvature, This sroic.s thus
producos accumulation of slower fluld on thoe inncr side of ths curvacira
and thouzh it also often rosults in no elindnaticn it otill reprcoonls &
source of increased frictional losse. Oince the oripginal fricticn sceotion
will be laterally carricd away & new one must alweys be forued aj.in ub
its position.

In the foregoing discussion the ;rossurc drop is ccnalidered as 2 forcs
field which aricces indepondently from the fluld flow. [ or tho cousicere
ation of the partial processes this is probably per.issable, heuwcver tho
pressure disiribution itcelf 1a oxactly assuned agauin 2s a product of tho
flow processesy this mutual conncction nkes the wathematical treztiant of
the hydrodynamic probleiss so changed and effecctezd that ono primarily
controls wmathotatically only such problems, as with potential flow, in
which &t 1s possible to replace the dymamle rolations by purely scounetrlic
ones. In other probloms ono must continuc to be guided by c wwerinent woon
more than qualitative informatica is dusiicd.

Tho questlon about tho mcans for avolding forzction of eddics and
eliminating flow novertheless belongs to those to whom our conception
is capablo of ziving ﬁ"“‘u_tivcly valucble cucse.

Tho simylest 1s the uso of sulficicnily ~lonucr forns 2
are the bodles of alr ghip F3s sirplanes v;ngg cte. ficro the
. ereases in the dircction ol {low are noct very lar~c so tnat the drag ectien
of the outer flow oa the inner suffices for vcrxf,lnv it in front of uhQ
rotura flow. One shows that tais "hecalthy flow only occurs with u;rpl
wings whea tho angle of attack is not too large, otherwlse "iho flow brouks
eway" which mwoang in our viow that ths proccurec iucersaco of the "ncAltﬁy"
flow froia the suction side becores co large that dback flows appess in tho
friction soction and thereforo that the entirs flow is changed, since now
they no lonzer lic ¢close to the sucstion sldo, but instoad & deud spico or
eddy spuce occurs botweon it and tho wing. Similorly tlids holdc true for
an airohip with too blunt & rear end,
¢ fllowing observation is still iiportant: If, as 15 tho curs wiih
snall izucx auscors (osmall Reynold's nwabers) the fristicnal scobica flews
laminarl;, in gonoral then it is very difilcult to bring adjeceat . ilou

Qo Al £ o AD n s mcimy
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- dn the f2ce of a prescure increise, sinze wolcs tuere econaliicas the !
(:) actioa of tho outer fiow 19 extraomilnarily coosil on ihe Jrictica o
I£, on the other haud, the Iricti.a.i ccetica is 2
muen larger braling action exlsts and the subjoet
crewde 16 now nmuch more pozsibie, The wlrpisna wing avd nodels of such
(25 yreviocusly doserided) ore elways in this luast ronbicaed conditiociie Heowe
ever, it is Liportunt to know that ong zuls lurse de.intlcus in pelaticn to
Le seuration of fiow if ong ¢o.cs downward belew the 1indt under wiich 4he
{riction scction romuins lwinar. Uith-clr;lons ulazs this 1indd iu csconbe
i2lly iower thon with even ziates (awnctt 1/1 of 1%, vorsing with the deogree
of turbulonco of the elr strean under study). Tho cuddzn £0ll of ‘tho resciszis
anco nuzber (cocificient of resiztancyd) of cylinders, o:.oT¢s, ond oiiipsoids
(oo Issue 2, Figs. 24,26,27) likewise is corrolated with the forsatic: of
turbuloace of tho friction layer. Iy ceuns of She decreasiag ellfect of drag,
tne polat of coparaticn woves furthur to the resar from a pcind somcuhid in

s ¥edbs W ‘éd

front of the middle of the szhere obc, tirough wihich tho cddy. ficld is mabor-
i1ally reduced and the resistance roducod. S

X 3

1f turbulonty dhen o
0(’ LR ”‘“‘“‘“""’12‘3 ine

& Vetw oo -
b}

A rough surface inerzasces the retandaticn of the friction layex; there~'
foro the influenco of the drag actlen is lowered, the separation poiny mo.c
again wore forward, and tho resistance of the sphiere cte, is agein increased,

Tnerc are varlous meing to prevest the forcaticn of an eddy in the cace
of blunt shaped bedias vhich to dbe surc can nod alweys be useds  An ospcce
1211y eifective meuns perdists in thub one can fcllow the body surface in the
directicn of flow with the air =o that it nownere runs mors slowly than the

flou, In this case nowhere does a reberdlng of the flow occur and conacgucnte

ly no cddy can develop. The study uith two cylinders (See Fig. &) which arc
countor=-rotating has complotoly verificd this.

. If one assumes a3 slingls rotuting cylindsr, then with sufficient rotation=-
£l voloclty one of tho two cddiaes will be cemjpletely suppressed; naueiy the
one ca tho sido whore tho wall motion follows in the direction of the flow,
whoreas the olhse eddy is fully developed. The end rosult of these proccsses,
which 1s illustrated by Fig. 7, 9 a flew around the eylinder, similar to
that in Fige 5, which now alzo remains guproried since each wall elermoat nas
20vo3 In tho éirecticn of flcw, A very streag crozs “forse" combines with
the fiow as in Flz. 5 (Tho coefficlent of crozs force iz trus thooreticully
y7 v 12,57; in practice it is ocuowhat onsllor). ¥ith lepser circunforcnte
L4l velocities, the flow, according to Piz. 5, in which tho groatost velcoity
(avove tho eylinder) is four tines the entering velocity, would preccde the
wall, snd then we zzain would pebl oddy formaticn, the cross force will be
locs. with stlll largor circucforeontial veloeliics, o circular fluid
riag apzezrs to h2 around the rotaiing cylinder; the cross force xoroover,
if also not very large, exceeds the aforzucunticaed amount,

Another nethod frequently used for the proventicn of eddy forwation
ccnsicts in ono removing the friction layer at the rlaces where it would
cauce accumulatlon of materizl. ((ilhien the zituation ia steady, this accounts
fopr elizinztion fo cddies by exhiausticn behind the inaer bodies)). The study
shows that cno actually pravents oddy formation by this meung; and thus ong
can use considerably more blunt foras than would othemdse be possible,

<:> Tho work involved in tidis oxhausticn is not lorgo since vo are dealing with
rolatively caall amounts which must bo suctioned off, - ' ' '
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: Oro mry also try to influencc {cody Jorvatilon) by culiblug wis iure o

J in the dirceticn of flow, In thao delursd lojons cleoug ths surluce ol nan Uil

| Sinco we are concerned hare with & so-callod {ecneonbrabica) strsa-innii-
of the braking acticn, a favorzblo cetion muzt olzo ba ccbubliched hora, Yo
atudles show, howcver, thot the amounts of encrzy Yo be usud for & cilisfact-
ory result rust be much hisher thzn with the cxhiaustien retihed. Until now,
foon different study arrangenants of thls kind, only tne "jJeb winz® or
"slotted wing" of Handler-Fage-Lachmann

have won rracticul significs

‘&Ap\aq-!]cc ®

‘ The air jot wiaich flows through thu air 5
_ of the forowing, and therefors ralics it safer for the llad wing. &b the 12

a now friction layer is formed, wiich [irst of &ll is thin, and wilich, uniz®
tho braking offcet of tho Jets co:ing frox the slot, is driven sullicic
forwerd, In this monnmer one can obitain a negative prescure on ihe uiper side
of the hind wing which is at least as large as thet of a customary wing, and
the forewingz, whosy hind margin is in the zonc of the lowest neZetive Lressurds,
can thus tolerate a still roally lower nezative pressurs without Interrupi-
ing the flow. Viith sovoral slots tho possible negative pressurcs of the fore-
wings are still largor, sbill the enorgy exponaiiure also increascs for tho
air strozms which become iuportant in tho resi:tance of the system.
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